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Abstract: Through hydraulic control principles, numerical simulation and indoor testing,
the opening principle of a toe-end sliding sleeve with a time delay mechanism is explained.
Conventional toe-end sliding sleeve in shale oil wells have problems with premature
opening and a failure to open, which means they cannot ensure the whole-well pressure
test process and can cause serious economic losses to the oil and gas industry. In order to
solve the above problems, a new type of optimal design for toe-end sliding sleeve with
a 30 min delayed opening is proposed. In this paper, based on the principle of hydraulic
flow, ABAQUS 2022 numerical simulation software was used to study the influence of
different states and the same hydraulic pressure on its internal stress–strain value. A
qualitative study of the delayed-opening function was carried out using a pressurized
pump unit. In addition, principle tests under different operating parameters were designed
to quantitatively analyze the pin shear situation and the delayed opening time of the
toe-end sliding sleeve when the tool was fitted with different numbers of pins and when
the delay valve was fitted. In addition, the simulation results of the hydraulic fluid’s flow
inside the time delay mechanism with different nozzle diameters were compared with the
theoretical values, which showed that the hydraulic fluid’s flow rate inside the mechanism
increased with the enlargement of the nozzle diameter, and the optimal nozzle diameter
was 0.56 mm. The indoor test showed that when the tool was retrofitted with a time delay
mechanism, installing six pins was the optimal combination. The field application of the
slip-on was able to satisfy an opening time delay of 28.3 with a relative error of only 5.67%.
These results complement the research on toe-end sliding sleeve and provide ideas for the
optimization of toe-end slipcovers incorporating a time delay mechanism.

Keywords: delay mechanism; optimal design; shale oil wells; toe-end sliding sleeve

1. Introduction
As oil production projects gradually enter the stage of unconventional oil and gas

production, horizontal-well fracturing production technology has become one of the most
important means of unconventional oil and gas production [1–4]. After years of develop-
ment, the toe-end sliding sleeve, as one of the key tools in downhole staged fracturing
technology, has been applied in various well conditions such as open-hole wells and cased
wells [5–7]. Without changing the existing cementing process, this technology does not
require perforation or other tools after the cementing slurry solidifies. The toe-end sliding
sleeve can be opened by holding pressure at the wellhead to establish the first stage of the
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horizontal-well fracturing channel, and makes it possible to directly perform fracturing op-
erations or lower other downhole tools such as auxiliary logging instruments to the bottom
of the well, which can effectively replace the first stage of perforation operations [8–10]. It
successfully solved the problem that the later operation tools such as perforating guns and
logging instruments in long horizontal wells could not be lowered to the bottom of the well.
On the other hand, compared with the continuous tubing transmission perforation method,
this tool has the advantages of high operation timeliness, low cost, low risk, unlimited
operation depth, and no limit on the length of the horizontal section [11].

Before fracturing the reservoir, an integrity test for the casing in the entire wellbore
must be carried out to ensure its safety. Therefore, many oil companies in Europe and
the United States have designed and developed sliding sleeves of various sizes and types
with delayed opening (including electric control and hydraulic control). Among them, the
Elect fracturing sleeve launched by Halliburton [12] has various forms. It overcomes the
defects of conventional sleeves and can flexibly activate the target layer to improve the
increase in production. The i-Opener TD sliding sleeve developed by National Oilwell
Varco [13] can be used for repeated full-wellbore pressure testing. The Toe-XT hydraulic
sleeve launched by Packers Plus [14–16] can be used for various operations including
diameter and horizontal well pressure testing and selective fracturing. Schlumberger’s
TAP casing valve fracturing completion system [17], Weatherford’s I-Ball sliding sleeve [18],
and Baker Hughes’ Ooti Port sleeve [19] are all differential-pressure sleeves. BJ’s Opti Port
cementing sleeves mainly include fracturing sleeves and downhole assembly tools (BHAs).
The sleeves are hydraulically opened, with a hydraulic cylinder formed between the outer
shell and the body. The inner sleeve slides open under the drive of the hydraulic pressure.
These products have been provided to oilfield service companies in Europe and the United
States for oilfield applications and have achieved the expected results.

Although toe-end sliding sleeves have been successfully applied in many oil fields
in Europe and the United States with good results, European and American countries
have imposed a technology blockade on Asian countries. Some bottleneck technologies
are not open to Asian countries, and only technical services are provided. At the same
time, high technical service fees are required, which has prevented Asian scholars from
conducting research on them [20–26]. Liu Hailong et al. [27] studied toe-end sliding sleeve
technology to solve the problems caused by rubber plug perforation in horizontal wells
and designed a toe-end sliding sleeve tool with a compressive strength of 132 MPa and
adjustable opening pressure. This solved the problem of coiled tubing being unable to
perforate and saved completion operation time. Zheng Ruiqiang [28] briefly explained
the advantages of toe-end sliding sleeves in the application of domestic shale oil well
exploitation, analyzed the principle of toe-end sliding sleeves in Daqing Gulong shale
oil, listed the field applications of toe-end sliding sleeves in shale oil, and put forward
specific optimization measures and improvement suggestions for the tool. Liu Ben [29]
developed an electronic toe-end sliding sleeve that can be remotely triggered to open
through a customized pressure waveform and unlock the electromagnetic hydraulic lock
by identifying the pressure waveform signal. The maximum test pressure can reach 98
MPa. In order to meet the increasing number of staged wells in China and the demand
for fracturing tools, Liu Tao et al. [30] designed a ball-throwing sandblasting sleeve with
unlimited stages of the same size. However, the difference in the size of the balls reached
3.18 mm ( 1

8 in), and currently no manufacturer in China can produce such sealing balls,
resulting in the key components of the tool still relying on imports. Hu Yaofang et al. [31]
analyzed the reasons for the low opening rate of differential-pressure sleeves in China
and used mechanical drawing software to improve the structure of differential-pressure
sleeves. The improved differential-pressure sleeve increased the opening success rate, but
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the tool could not achieve the casing pressure test function. Yang Jie [32] drew on the
research results of European and American companies to design key technologies, such as
the delay function of the toe-end sliding sleeve, the inner sleeve positioning mechanism,
the sealing method, the circulation hole size and the sleeve coating layer, determined
the specific structure of the toe-end sliding sleeve that can be tested and optimized the
relevant dimensions. Wei Liao [33] optimized the structure of a toe-end sliding sleeve
differential-pressure sleeve based on field application conditions and improved the toe
sleeve’s structure. Although the tool has a delay function, it needs to be pressurized slowly
during the casing pressure test to prevent the dynamic pressure generated by the rapid
change in displacement from causing damage to the rupture disk and causing the sleeve
to open prematurely. Zhao Guangmin et al. [34] used a testable pressure toe sleeve in
the integrated process and tubing system of gas field vertical wells. The study adopted
a combination of “starting disk + soluble disk” to design a testable pressure toe sleeve.
After the starting disk of the sleeve is broken, the soluble disk contacts the liquid in the
well and dissolves quickly, connecting the casing with the formation and establishing
the first section of the fracturing channel. Wang Bin et al. [35] designed an intelligent
electrically controlled toe-end sliding sleeve and verified its ability to be opened effectively
and accurately through indoor tests and numerical simulation. Xu Chaoqi [36] discussed
the abnormal conditions of the toe-end sliding sleeve tool in the production of oil and gas in
the Fuling shale field, analyzed the causes of the abnormalities from the aspects of the toe-
end sliding sleeve body and the rubber plug body, put forward improvement suggestions
and provided guidance for the improvement and application of the toe-end sliding sleeve
in the later stage of the gas field. Wang Junji et al. [37] established a calculation model for
the opening pressure of a pressure sliding sleeve, derived the calculation of the opening
pressure of the pressure sliding sleeve with friction taken into account and concluded
that the calculation results that consider friction theory are basically consistent with the
experimental calculation results. Zhao Zhengxian et al. [38] conducted cementing sliding
sleeve fracturing tests on the GY5-1-9H well, compared single-cluster and multi-cluster hole
fracturing simulation tests and summarized the adaptability, mechanism and fracturing
construction experience of single-cluster hole fracturing in continental shale oil in fault
basins. This technology created the highest record of first-year cumulative oil production
and single-well EUR in a normalized kilometer section of shale oil horizontal wells in
China. In order to ensure the continuity of fracturing operations. Wang Xuxing et al. [39]
proposed a new completion fracturing sleeve technology and developed a seawater-based
integrated fracturing fluid system to meet the needs of large-volume annular operations.
Liu Dongliang et al. [40] proposed a new first-stage fracturing process to solve the problems
of complex procedures, low efficiency, high operating costs and high construction risks in
the first-stage fracturing of unconventional oil and gas horizontal wells. This technology
is widely used in unconventional oil and gas fields in North America. The cost of solving
the problem for a single well is about US$300,000, and the success rate of the first-stage
fracturing is increased to more than 98%. Liu Chuanyu et al. [41] briefly introduced
new progress in the fracturing tools and technologies of international oil giants and put
forward suggestions for the future development of fracturing tools and technologies in
Asian countries. Xue Xianbo et al. [42] proposed an infinite-stage cementing sliding sleeve,
established a three-dimensional dynamic numerical model of the dart rubber sleeve and
studied the influence of the anti-burst ring structure and the rubber sleeve structure on the
sealing performance. Chu Yingjie et al. [43] introduced a solution that uses a single-pipeline
hydraulically controlled sliding sleeve as a downhole control module to achieve intelligent
completion functions. This solution has been successfully used in the offshore oil fields of
the China National Offshore Oil Corporation, solving the problem of the intelligent control
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of large downhole diameters and adjustable openings, and has achieved good results.
Zhou Bocheng [44] conducted an analysis of the abnormal opening of infinite-stage sliding
sleeves, classified the abnormal opening types during fracturing construction, and proposed
corresponding improvement measures and fracturing construction treatment measures.

The casing pressure test is the last step in well completion and is crucial to the integrity
of the wellbore. However, the conventional differential-pressure sliding sleeve without
an improved structure cannot complete the full wellbore pressure test before fracturing.
Based on the principle of hydraulic control and the shortcomings and defects of the sliding
sleeve tool summarized by domestic researchers, a delayed-opening pressure test toe-end
sliding sleeve was designed. In order to intuitively compare the performance of existing
commercial products and the proposed model at this stage, so that readers can more clearly
understand their differences, including their design, mechanism or performance, a table is
drawn as shown in Table 1.

Table 1. Performance comparison of different types of sliding sleeves.

Company Halliburton NOV Packers Plus Schlumberger ——

Tool name Elect Sleeve i-Opener Toe-XT TAP Fracturing Completion
System

Delayed-opening
toe-end sliding sleeve

Applications
Multi-productive
zone fracturing

completion
First-stage fracs First-stage fracs First-stage fracs First-stage fracs

Features Unlimited number of
fracable areas

Cycle Open
i-Open-er

Opens at a specific
absolute pressure

Only applicable to wellbores
above ϕ200 mm and casings

of ϕ114.3 mm
Delayed opening

Activation
method Pitch Hydraulic Hydraulic Insert rubber plug to activate Hydraulic

Sliding
sleeve type

Electronic fracturing
sleeve Mechanical sleeve Mechanical sleeve Mechanical sleeve Mechanical Sleeve

Benefits

1. Overcoming the
number of fracturing

stages
2. Optimizing

reservoir channels
3. Coordination of
software, hardware

and mechanical tools

1. Greater accuracy
for activation

pressure
2. Debris-tole-rant
during activation

3. Compatible with
industry-standard

wiper plugs

1. Saving time and
cost in delivering an
effective treatment of

the first stage
2. Allows the casing
string to be pressure
tested a single time

before opening

1. The overall pressure
resistance of the sliding

sleeve reaches 70 MPa and
the temperature resistance

reaches 160 ◦C
2. After the fracturing is

completed, the darts flow
back to the lower part of the
upper sliding sleeve ball seat

and form a flow channel,
which can effectively ensure
that the subsequent drainage
and production will not be

blocked

1. Simple structure,
convenient installation,

easy manufacturing,
suitable for mass

production
2. Able to work in

harsh environments
such as high

temperatures and high
pressures underground
3. No need to lower the

first stage of coiled
tubing perforation

The finite element method can simulate various geometrically complex structures and
obtain their approximate solutions. Through the use of computer programs, it can be widely
used for various circumstances. It can import models built in other CAD 2022 software.
Mathematical processing is relatively convenient and can also be applied to structures with
complex shapes. The finite element method is combined with the optimization design
method to give full play to their respective advantages. On the other hand, finite element
calculation, especially the analysis and calculation of complex problems, consumes a lot of
computing resources such as computing time, memory and disk space. There is no better
way to deal with the problem of the infinite solution domain. Although most of the existing
finite element software uses network-adaptive technology, in specific applications, what
type of unit to use and how large the network density are both depend on the experience
of the user. This article uses ABAQUS 2022 engineering software and the finite element
method to carry out the numerical simulation of the main components of the tool, and
combines indoor tests to verify the feasibility of its application, and then the verified tool
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is applied on-site. This new toe-end sliding sleeve can not only serve as the first-level
fracturing channel to open the reservoir, but can also ensure the normal casing pressure test
and greatly improve the stability of the wellbore. This provides a reference for the design
and application of toe-end sliding sleeve tools that meet the needs of the casing pressure
test before the completion process.

2. Technical Analysis
2.1. Structural Design

The structure of the delayed-opening toe-end sliding sleeve prototype is shown in
Figure 1. Its structure is divided into two parts: a control mechanism and a delay mecha-
nism. The control mechanism includes the sliding sleeve body, inner sliding sleeve, upper
joint and lower joint, shear pin and sealing structure, which are used to control the opening
of the sliding sleeve inside the tool. Its specific dimensions are shown in Table 2. The delay
mechanism is composed of a flow-limiting valve and a pressure-limiting valve.

Figure 1. Full-size prototype structure diagram. In the figure, S1 is the upper end surface of the inner
sliding sleeve; S2 is the annular end surface of the hydraulic oil chamber of the inner sliding sleeve;
S3 is the lower end surface of the inner sliding sleeve; l is the distance the inner sliding sleeve moves
when the delay mechanism works.

Table 2. Toe-end sliding sleeve structural parameters.

Structural
Parameters

Prototype Total
Length L/mm

Prototype
Diameter D/mm

Inner Sleeve
Upper Section

S1/mm2

Circular Cross
Section S2/mm2

Inner Sleeve
Lower Section

S3/mm2

Distance Between
Section S1 and
Section K l/mm

Numeric 1298 185 22,201 5942 20,449 50

2.2. Working Principle

The pressurizing device generates hydraulic pressure inside the prototype. Since the
cross-sectional relationship between the upper and lower end faces of the inner sleeve is
S1 > S3, when the pressure difference F1 − F3 > the shear strength of the pin is generated,
the pin is sheared and damaged, the delay mechanism opens and the hydraulic oil flows
from the right oil chamber of section S2 to the left vacuum chamber. Due to the presence
of hydraulic oil in the annular cavity, the inner sleeve moves slowly to the right and the
toe-end sleeve’s opening is delayed by reasonably designing the equivalent diameter of the
delay mechanism nozzle.

When the pressure in the tool is less than the preset opening pressure, the delay
mechanism is in an inactive state, as shown in Figure 2a, and the toe-end sleeve is in a
closed state. When the pressure in the tool reaches the preset pressure, the delay mechanism
is activated, as shown in Figure 2b, and the sleeve is in a pre-opening state.
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Figure 2. The schematic diagram of the closing and opening states of the delay mechanism.

3. Numerical Simulation Methods
3.1. Numerical Simulation Equations

Since the equilibrium equation describes the equilibrium state of an object under the ac-
tion of external forces, for static problems, the equilibrium equation is usually expressed as:

[M]{X} = {FC} (1)

where [M] is the stiffness matrix, {X} is the displacement vector and {FC} is the force vector.
The constitutive equation describes the relationship between stress and strain of a

material and is the key to understanding the behavior of a material. The constitutive model
is expressed as:

σ = Eε (2)

where E is the elastic modulus of the material, σ is the stress and ε is the strain.
For elastic-plastic analysis, the material’s constitutive relationship is selected based on

the measured data from material tests.
Geometric equations describe the geometric shape and deformation of an object,

usually involving the description of the displacement field. The displacement field can be
expressed as:

u(x, y, z) =

ux

uy

uz

 (3)

where ux, uy and uz represent displacement components.
The Johnson–Cook damage model uses cumulative plastic strain to measure the degree

of material damage. When the material is subjected to dynamic loading, as the plastic
strain increases, damage gradually accumulates inside the material, eventually leading to
failure. The conditions for damage occurrence are controlled by a failure strain (or damage
parameter), and the damage evolution of the material under states of strain, temperature,
and triaxial stress is considered. The failure strain formula is defined as:

εc = (a1 + a2e(a3σ∗))(1 + a4 ln ε∗)(1 + a5T∗) (4)

where εc represents the failure strain; a1, a2, a3, a4 and a5 are material constants; σ* is the
triaxial stress ratio (equal to pressure/stress); ε* is the normalized strain rate; T* is the
normalized temperature.

In the Johnson–Cook damage model, the damage variable N is used to describe the
damage evolution and is defined as:

N = Σ
∆ε l
∆εc

(5)

where N is the plastic strain increment in each increment; when N = 1, the material reaches
a state of failure. As the plastic strain increment accumulates, the N value gradually
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increases until it reaches 1, indicating that the material damage has accumulated enough to
cause fracture.

3.2. Meshing and Boundary Condition Setting

The number of grids will affect the calculation results. Too few grids will affect the
calculation accuracy, but too many grids will reduce the calculation speed. When the
number of grids reaches a certain level, the calculation results will no longer change with
the change in the number of grids.

In order to ensure the accuracy of the finite element model simulation analysis, five
mesh-level analysis models were established. The stress and strain occurring in the toe-end
sliding sleeve were used as reference indicators, and a mesh independence check was
performed. The mesh independence test results were tested and the structural model with
mesh number 96,382 was selected for numerical simulation through the test results, as
shown in Figure 3.

 

Figure 3. Grid independent test results.

In order to obtain more accurate data through numerical simulation, the mesh quality
is improved by using the fine mesh division method. The mesh of the inner sleeve model is
encrypted. The mesh type is an eight-node linear polyhedron unit, the mesh size is 3 mm
and 8.5 mm non-structured mesh is selected for other areas.

The above-mentioned delayed-opening toe-end sliding sleeve prototype was modeled
in proportion using ABAQUS 2022 engineering software, and numerical simulation was
performed using the finite element method. The simulation used a standard display solver,
and the simulation medium was 42 CrMo steel with a yield strength of 930 MPa. The
density is 7.85 × 103 kg/m3, the Poisson’s ratio is 0.3 and the elastic modulus is 210 GPa.
The outer body is bound to the inner sleeve, and contact and interaction are set between
other components (the tangential friction coefficient is 0.2, normal “hard contact”), fixed
boundaries are applied to the outside and both ends of the body and a hydraulic pressure
of 110 MPa is applied to the inner sleeve and the body. The boundary conditions are shown
in Figure 4.

 

Figure 4. Boundary condition settings. The pink arrow indicates the magnitude and direction of
the hydraulic pressure applied inside the toe-end sliding sleeve, and the blue and yellow triangular
arrow indicates the fixed constraint applied by the outer tube of the toe-end sliding sleeve.
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4. Results and Discussion
In order to ensure that there is no structural damage when hydraulic pressure is

applied inside the toe-end sliding sleeve prototype, the pins can be sheared off smoothly
under the set internal pressure, and the delay time of 30 min is met, which are necessary
conditions to achieve the design expectations; numerical simulation and theoretical calcula-
tion methods were used to carry out the feasibility analysis of the prototype tool and the
determination of the equivalent diameter of the nozzle in the delay mechanism.

4.1. Tool Safety Performance Analysis

Through the above numerical simulation operation parameter settings, the stress cloud
diagram of the toe-end sliding sleeve prototype under internal pressure was obtained, as
shown in Figure 5.

 

Figure 5. Stress cloud diagrams of different states of the full-size prototype.

It can be concluded from Figure 5a,b that when the hydraulic pressure in the tool is
110 MPa in different states, the equivalent stress in the tool delay process is relatively large,
with a specific value of 835.935 MPa. Since the yield strength of the inner sleeve is 930 MPa
and the strength limit is 1080 MPa, it is obvious that 835.935 MPa < 930 MPa < 1080 MPa,
and the safety factor is 1.11. This shows that under this working condition, all components
in the toe-end sliding sleeve did not yield, but only underwent a certain elastic deformation,
which met the working requirements.

In order to verify the accuracy of the above simulation, the deformation degree of
the prototype tool under internal pressure was numerically simulated, and the simulation
results are shown in Figure 6a,b.

 

Figure 6. Strain cloud diagrams of different states of the full-size prototype.
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Whether the tool is closed or opened, the position of the maximum strain value in the
tool is the same as the position of the maximum stress value, which shows the accuracy
of the numerical simulation results. On the other hand, the strain value in the process of
opening the sleeve is larger than that in the process of closing the sleeve, and its strain
value is 5.5 × 10−3.

4.2. Shear Pin Failure Simulation Analysis

In order to clarify whether the inner sleeve can successfully shear off the pins when
the full-size prototype is subjected to internal pressure, numerical simulation was carried
out and the stress cloud diagram of the six pins during shearing was obtained, as shown in
Figure 7.

Figure 7. Pin force cloud diagram. where M-M represents the cross section of uniformly arranged
pins.

When the inner sleeve has a tendency to move to the right, the six 8.8-grade M10 pins
in the M-M section are evenly stressed, which indicates that the pin positions are reasonably
arranged.

In order to further depict the specific process of pin shearing in detail, the simulation
results of the pin at the M-M section of the full-size sliding tool are extracted, as shown in
Figure 8.

Figure 8. Pin status at different times during pin shearing.

It can be seen from the figure that during the process of the inner sleeve shearing the
pin, the pin began to be stressed until it sheared, which took 0.25 s. When the time was
0.05 s, the pin pre-stress point was reached, and the middle part of the pin was greatly
affected by the shear force. At this time, the maximum stress in the pin was 732.862 MPa;
when the time was 0.1 s, the shear force extended to the lower end; when the time was
0.15 s, shear tearing occurred in the middle of the pin; when the time period reached
0.2~0.25 s, the pin was instantly shortened, and the force on the lower end of the pin was
reduced to 244.387 MPa.

In order to intuitively obtain the relationship between the pin’s failure and the shear
force, the stress–strain curve of the pin under shear force during the movement of the inner
sleeve is plotted, as shown in Figure 9.
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Figure 9. Stress–strain curve (pin shear process).

It can be concluded from Figure 9 that when the stress is less than 650.34 MPa, the pin
undergoes elastic deformation. At this time, the internal deformation of the pin is small;
when the stress continues to increase to 732.862 MPa, the pin undergoes shear failure.

4.3. Optimization Analysis of the Nozzle of the Delay Mechanism

The delayed-opening principle of the toe-end sliding sleeve prototype is due to the
presence of a hydraulic oil chamber at the right end of the S2 section. When the pin is
sheared off, the delayed opening time is determined by the volume of hydraulic oil in the
oil chamber and the nozzle diameter in the delay mechanism. The total volume of the
hydraulic oil chamber of the prototype is S2 × l = 5942 × 50 mm2 = 297.1 mL. When all
the hydraulic oil flows to the left chamber, the opening of the toe-end sliding sleeve can
be delayed by 30 min. In order to obtain the relationship between the nozzle’s equivalent
diameter and the hydraulic oil flow rate in the delay mechanism, five nozzle diameters of
0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm and 0.9 mm were selected and the flow field simulation
analysis of the delay mechanism control system was carried out. The results are shown in
Figure 10.

Figure 10. Comparative results of numerical simulation and experimental values.

As can be seen from the figure, the hydraulic oil flow rate decreases with the increase in
nozzle diameter, whether in the numerical simulation or the theoretical calculation. Within
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the research range, when the nozzle diameter in the delay mechanism ranges from 0.5 mm
to 0.6 mm, the numerical simulation results are close to the theoretical calculation results.

4.4. Indoor Test
4.4.1. Test Purpose and Process

In order to verify the rationality of the designed delayed-opening toe-end sliding
sleeve and the accuracy of numerical simulation, an indoor test prototype was processed in
proportion to verify whether the designed prototype can successfully cut off the pin and
achieve the preset delay of 30 min. First, wipe the surface of the parts clean, install the
sealing ring, and then assemble the parts of the tool, install the nozzle with a diameter of
0.56 mm in the delay mechanism, and install the delay mechanism inside the assembly. Fill
the assembly with hydraulic oil and exhaust the air at the same time. Then, fill the manual
high-pressure pump with hydraulic oil, and connect the test prototype to the manual
pressure pump with a high-pressure pipeline. The test parts and test connection process
are shown in Figure 11, respectively.

   

Figure 11. Physical drawings of test prototype parts and overall process.

Before the manual hydraulic pump is used to pressurize, the low pressure is stabilized
and the hydraulic pressure indicator is observed. If the indicator remains stable, it means
that the internal seal is good and the test can be continued. Continue to pressurize until the
test pressure in the wellbore is reached before the sleeve is opened, and use a stopwatch to
record the sleeve opening time.

4.4.2. Test Results Analysis

The test recorded the shearing conditions of the M10 pins and the pressure gauge
readings when the toe-end sliding sleeve was installed with a single, two (symmetrically
arranged up and down), three (equidistantly arranged), four, five, and six shear pins with a
delay mechanism, and obtained the test and theoretical calculation results as well as the
pin shearing conditions, as shown in Figure 12.
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Figure 12. Test results.

It can be seen from Figure 12a that when the number of pins is less than or equal to five,
the opening pressure test value of the toe-end sliding sleeve prototype is approximately
equal to the theoretical calculation value, and the relative error value is between 1.64%
and 5.72%. The test results prove that the prototype tool conforms to the differential
pressure sleeve opening principle; it can be concluded from Figure 12b that when the
number of installed pins is 6, the delay mechanism is added and the manual pressure pump
pressurization process is 40 min, the toe-end sliding sleeve tool has a maximum opening
delay of 28.3 min and the relative error rate with the design theoretical value of 30 min
is only 5.67%. This shows that the tool can meet the needs of the full wellbore pressure
test, thereby ensuring the integrity of the wellbore. On the other hand, as the length of
the manual high-pressure pump pressurization process increases, the delay performance
of the toe-end sliding sleeve prototype tool will be reduced, showing a trend of a slow
reduction at first and then a rapid reduction. Specifically, when the pressure test process
reaches 100 min, the delayed opening time is only 16.3 min, and the relative error value
reaches 45.67%, which is quite different from the theoretical value. However, in fact, it
only shortens the opening time of the toe-end sliding sleeve and does not affect the actual
application of the wellbore pressure test.

4.5. Field Application

During the actual field test, the blind plates at both ends of the full-size prototype and
the excess and redundant materials were turned into casing buckle shapes in preparation
for connecting the casing strings.

According to the functional characteristics of the newly developed toe-end sliding
sleeve, the sliding sleeve is opened by pressurizing the inside of the sliding sleeve and
generating thrust on the pressure difference surface of the inner sliding sleeve. At the same
time, the sliding sleeve performance field test of the sleeve was carried out in the Gu-xy-Q3
well. By adjusting the shear pressure of the shear nail, the sleeve opening pressure is
controlled to be 70 MPa and the test value is 68.3 MPa. The pressure curve is shown in
Figure 13.

During the construction process, the toe-end sleeve was pressurized and the pressure
test was delayed. No abnormal situation occurred during the pressure relief process, and
the tool opened smoothly. By adding a sleeve control valve, the sleeve opening delay
time was adjusted to about 30 min. The test showed that the sleeve opening time was
26.4 min, which was basically consistent with the design value. In actual field application,
the wellhead pressure test equipment has a fast pressure test process, and the problem of
too short a full wellbore pressure test time will not occur.
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Figure 13. Construction curve.

The toe-end sliding sleeve is used as the first stage of fracturing at the toe of a horizon-
tal well, which can greatly save on-site operation costs and improve operation efficiency. It
has important practical significance and can increase the production and transformation
of shale oil and gas reservoirs and the efficient development of low-permeability oil and
gas reservoirs.

5. Conclusions
(1) When the designed Φ185 mm delayed-opening toe-end sliding sleeve is subjected

to an internal pressure of 110 MPa, the maximum stress value generated in the tool is
835.935 MPa, which is less than the allowable stress of the material of 930 MPa; at the same
time, the maximum strain value generated in the tool occurs at the position corresponding
to the maximum stress value, and its value is 5.5 × 10−3, which shows that the numerical
simulation is credible.

(2) By analyzing the influence of five different delay mechanism nozzle apertures of
0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm and 0.9 mm on the flow rate of hydraulic oil in the delay
mechanism, the delay mechanism nozzle with a diameter of 0.56 mm was used as the
indoor test object. When the delay mechanism nozzle diameter is between 0.5 mm and
0.6 mm, the numerical simulation results are close to the theoretical calculation results.

(3) By setting up an indoor test process, it was verified that when the number of pins
is less than 6, shear failure can occur and the minimum relative error value is 1.64%; when
the number of pins is 6 and the delay mechanism is installed, the longest delay for this kind
of delayed-opening toe-end sliding sleeve is 28.3 min.

(4) By setting the displacement parameters of the sleeve control valve, the delayed-
opening function of the sleeve can be achieved. Field tests show that a sleeve delay of 30
min meets the design requirements.

(5) The delayed-opening toe-end sliding sleeve used in the construction of long hori-
zontal sections is used as the first stage of fracturing at the toe of a horizontal well. The
modular design improves the adaptability of the tool, which can greatly save on-site opera-
tion costs, improve operation efficiency and is easy to manufacture and install, reducing
replacement costs and improving maintenance efficiency. At the same time, the tool uses
a customized design to meet the needs of application in different well conditions, and
has important practical significance and can increase the production and transformation
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of shale oil and gas reservoirs and the efficient development of low-permeability oil and
gas reservoirs.
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